Abstract: Microtubule acetylation is a key posttranslational modification that enhances organelle transport, drives cell signaling, and regulates cell cycle regulation. The optimal level of microtubule acetylation is regulated by the acetyltransferase alpha-tubulin-N-acetyltransferase 1and two deacetylases, histone deacetylase 6 and sirtuin-2. Alterations in microtubule acetylation levels have been associated with the pathophysiology of a number of diseases, including various forms of neurodegenerative conditions, cancer, and even cystic fibrosis. In this review, we will highlight the biological and clinical significance of microtubule acetylation and the potential of targeting this pathway for therapeutics.
Introduction
Microtubules are key structures that control intracellular transport and influence aspects of cell morphogenesis, cell signaling, and cell division, among other roles. [1] [2] [3] Microtubule function is optimized by various posttranslational modifications (PTMs), including polyglutamylation, detyrosination, and acetylation (see Janke and Bulinski 4 for a full review). These modifications regulate interactions with microtubule motor proteins as well as other microtubule binding proteins. 3 Also, PTM levels dictate downstream protein activities contributing to the regulation of signaling cascades. 2 Here, we will focus on microtubule acetylation and its role in cellular processes and disease states.
Microtubules are extensive structural networks that originate from the microtubule-organizing center and radiate to the cell periphery. Individual microtubules are composed of alpha-beta tubulin dimers that follow an alternating assembly pattern to ultimately form into hollow cylindrical structures. The external diameter has been determined to be 25 nm, while the internal diameter is approximately 12 nm. Functionally, little is known about the interior environment of the microtubule and the evolutionary relevance underlying the unique microtubule structure.
Microtubule acetylation is a dynamic PTM of both alpha-and beta-tubulin. Acetylated alpha-tubulin (Ac-tub) has long been a focus of research, while acetylated beta-tubulin has been described only recently. Ac-tub significantly aids intracellular transport by promoting kinesin-1 binding and motility as well as regulating cell cycle checkpoints. [5] [6] [7] Acetylation may also be involved in microtubule stability, although it is unclear whether Ac-tub stabilizes microtubules or is simply a marker of a more stable structure. 8, 9 When alpha-tubulin is acetylated, the half-life of fully polymerized microtubules is hours compared with 5-10 minutes when microtubules are not acetylated. 3 However, Chu et al 7 demonstrate that beta-tubulin acetylation occurs at the alpha-beta dimer interface, which prevents microtubule polymerization. We will focus the rest of this review on alpha-tubulin acetylation.
The control of microtubule acetylation is dependent on the balance of acetyltransferases and deacetylases, specifically alpha-tubulin-N-acetyltransferase 1 (MEC17), histone deacetylase 6 (HDAC6), and sirtuin-2 (SIRT2). Even though much is known about the mechanism and consequences of deacetylation by HDAC6 and SIRT2, the addition of the acetyl group to tubulin by MEC17 is vastly understudied. Recently, it has been shown that the acetylation occurs in the lumen of the microtubule; however, the mechanism by which this occurs is unclear. [10] [11] [12] Microtubule acetylation was first described on the axonemes of Chlamydomonas flagella; however, neurons were considered a more ideal model to pursue advanced research regarding the regulation of microtubule acetylation, due to their ease of culturing and imaging. 13 With much research focused on the axonal region of neurons, the importance of microtubule regulation and acetylation on neurodegenerative diseases, including Alzheimer's disease (AD), Parkinson's disease (PD), Rett syndrome, and CharcotMarie-Tooth (CMT) disease, was the first to gain attention. Today, the importance of microtubule acetylation extends beyond neurodegenerative diseases. Impaired microtubule regulation has been shown to have an impact on cell signaling, inflammation, platelet activation, and other cellular processes. [14] [15] [16] These impacts influence many other diseases, including cancer, cystic fibrosis (CF), and obesity, and their respective treatments.
Given the broad impact of microtubules on multiple cellular functions, regulation of microtubule acetylation is an inviting therapeutic target. Although much of the early research on HDAC6 and microtubule acetylation focuses on neuronal function and neurodegenerative diseases, therapeutic trials of HDAC inhibition as a cancer treatment are most prevalent now, and specific HDAC6 inhibitors are gaining momentum, such as ricolinostat in the treatment of nonHodgkin lymphoma. 17 As new data emerge, the application of HDAC6 inhibitors is expanding to other diseases, most with hopes to use them in combination with existing drugs. Here, we review the biological and clinical significance of microtubule acetylation, focusing on its importance in many disease states.
Regulators of microtubule acetylation
Protein acetylation is dependent on the balance of acetyltransferase function and deacetylase activity. Microtubule acetylation levels depend most on the activity levels of MEC17 and the deacetylases SIRT2 and HDAC6. Each of these proteins' functions is highlighted in Figure 1 . Further, other PTMs can regulate when and where acetylation occurs; however, there is no strong evidence describing the sequence of PTMs or how they signal to each other. Cross talk is possible, but there is great physical separation and lack of change in structure postacetylation.
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MeC17
MEC17 has been recently identified to be responsible for alphatubulin acetylation on lysine-40 ( Figure 1A ), where acetylation occurs in the lumen of the microtubule ( Figure 1B ). It is yet to be elucidated as to what conformation change occurs and why acetylation occurs there, however. 8, [10] [11] [12] 18 Structurally, MEC17 is related to Gcn5 histone acetyltransferase 4. 19 Mechanistically, MEC17 binds to an acetyl coenzyme A cofactor in its active site and transfers the acetyl group to tubulin at K40 ( Figure 1A) . 20, 21 It is unknown where MEC17 binds to the alpha-tubulin site or how K40 is recognized. It is suggested that Q58 creates a basic environment and is important for acetyl transfer, but extensive biochemical analysis is needed. 21 Further, it is unknown how MEC17 acts in the lumen of the microtubule, while SIRT2 and HDAC6 deacetylate are thought to act on the periphery. it is unclear whether HDAC6 and SiRT2 work alone or synergistically.
MEC17 gets to the lumen and if MEC17 requires extra cofactors for acetylation. When the microtubule becomes acetylated, no gross structural modification occurs on the exterior as determined by cryo-electron microscopy structures to hint at these solutions. 12 Altering in vivo levels of MEC17 confirms the importance of MEC17, though. MEC17-knockout mice are viable; however, they have decreased advanced neurofunctions, such as learning and memory deficits, due to bulges in the dentate gyrus. 22 At a cellular level, loss of MEC17 leads to impaired migration of cortical neurons, loss of focal adhesions, and inhibited proliferation through Hippo signaling.
23, 24 Microtubule instability through loss of MEC17 is being investigated in neuronal systems, but its role in other systems will be the subject of future research.
HDAC6
HDAC6 is accepted to be the primary regulator of microtubule deacetylation and is the solitary member of the HDAC family to be cytosolic. 25 It can shuttle between the nucleus and the cytoplasm, but most of its functions occur in the cytosol. 26 The list of HDAC6 targets is continually growing, and these targets can influence cellular functions, including ubiquitination, signal transduction, and transcriptional activity (see Valenzuela-Fernández et al 27 for a full review). The most well-studied function of HDAC6 is its ability to interact with and deacetylate tubulin.
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HDAC6 activity can be regulated by multiple pathways, as well as be influenced by microtubule-regulating proteins such as tubulin polymerization-promoting protein (TPPP). 28 TPPP has been shown to interact directly with and inhibit HDAC6 function. TPPP is phosphorylated by cyclin-dependent kinase-1, preventing its interaction with HDAC6 and resulting in increased microtubule acetylation. 28 TPPP is just one example of an HDAC6 regulator that can contribute to microtubule stability.
To study the physiological importance of HDAC6, HDAC6-null mice have been generated. HDAC6-knockout mice are healthy and viable with minor delays in immune response and increases in bone mineral density. 29 At a cellular level, they exhibit microtubule hyperacetylation; however, they do not show any growth defects and develop normally. 29 The lack of deleterious phenotypes and the effective modulation of microtubule regulation in the HDAC6-null mice support HDAC6 as a potential therapeutic intervention for various diseases.
SiRT2
Sirtuins are a broad class of deacetylase enzymes. Of the seven family members that are described, sirtuin type 2 (SIRT2) is a nicotinamide adenine dinucleotide (NAD)+-dependent cytoplasmic enzyme that is hypothesized to either directly or indirectly deacetylate substrates, including tubulin and transcription factors FOXO1 and FOXO3a. [30] [31] [32] Functionally, SIRT2 is involved in cell cycle regulation, adipocyte differentiation through peroxisome proliferator-activated receptor gamma, and oxidative stress response. 30, 31 SIRT2 regulation occurs by cyclin E-Cdk2, which phosphorylates SIRT2 at Ser-368, thus resulting in inactivation and altering many cellular processes, including alpha-tubulin deacetylation, cell adhesion and migration, and neurite outgrowth during neuronal differentiation. 32, 33 The diverse roles of SIRT2 make it difficult to distinguish between its direct and indirect influences on tubulin regulation. High expression of SIRT2 has been shown in the heart, brain, and skeletal muscle, but not everywhere, increasing skepticism about its importance in deacetylation. 34, 35 Expression is also increased in several malignancies compared with normal tissue, making SIRT2 a potential therapeutic target. 36 Even though SIRT2 colocalizes with tubulin, no direct interactions have been reported. 32 It has been proposed that SIRT2 binds to HDAC6 to facilitate its interaction with alpha-tubulin. 18 Mechanistically, Nahhas et al 18 demonstrate that tubulin binds only to the SIRT2-HDAC6 complex. Future research will determine the interdependence and the regulation necessary for tubulin deacetylation. What is for certain about SIRT2 is that it is a potential therapeutic target for PD and Huntington's disease.
Importance of microtubule acetylation
Structurally, microtubules are intracellular structures that hold the shape of the cell. Functionally, microtubules facilitate intracellular transport and are key for cellular communication and cell maintenance functions such as autophagy regulation. 15 The acetylation of microtubules is a key mechanism to control these and other functions, as outlined in Figure 2 .
intracellular transport
A key function of microtubules is to facilitate organelle transport ( Figure 2B ). The proper acetylation of microtubules is important to optimize this process by increasing microtubule motor affinities and improving motor function. 6, 37 Specifically, it has been shown that kinesin binding affinity increases proportionally when microtubules are acetylated. 
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Rymut and Kelley (TSA), a nonspecific HDAC inhibitor, or tubacin, a specific HDAC6 inhibitor, stimulates kinesin-1-mediated anterograde transport of vesicles containing Jun-N-terminal kinaseinteracting proteins at neurite tips. 6, 9, 34 Microtubule acetylation is also known to regulate mitochondrial transport. 1, 38 Serotonin has been shown to increase mitochondrial movement via Akt-glycogen synthase kinase 3-beta (GSK3B) pathway.
1 HDAC6 and GSK3B colocalize in hippocampal cells and regulate acetylation via HDAC6 phosphorylation. 1 The implications are yet to be established, but literature shows abnormal mitochondrial transport and function in neurodegenerative diseases, including AD and PD. 1, 39 This may also be extended to CF, where both altered microtubule regulation and mitochondria dysfunction have been reported. 40 Correcting intracellular movement is probably critical for improving these disease conditions.
Cell cycle
Microtubule acetylation is also an integral facet of cell cycle regulation. 8, 41 Microtubules are most highly acetylated during interphase, when much intracellular rearrangements occur, and they exhibit reduced acetylation during prophase and the transition from late telophase to interphase. 42 Little is known as to why the cyclical nature of acetylation levels occurs. One hypothesis is that dynein light chain 1 LC8 promotes tubulin polymerization and stabilizes interphase microtubules. 43 LC8 is a highly conserved protein that has many binding partners, including tubulin. LC8 knockdown destabilizes microtubules and inhibits bipolar spindle assembly in HeLa cells; LC8 knockdown also leads to the mitotic block in these cells. 43 Mechanistic analysis suggests that LC8 binds at the alphabeta interface, which is significantly different from where kinesin and dynein bind. 
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Microtubule acetylation in disease Cell signaling
Cell signaling is a broad area, but the acetylation of microtubules is known to impact multiple cellular pathways ( Figure 2C ). One example is endothelial nitric oxide synthase (eNOS). eNOS plays an important role in vascular function, including the regulation of vascular tone, angiogenesis, platelet aggregation, and leukocyte-endothelial interactions. 44, 45 eNOS activity is regulated in part by calcium-calmodulin and also by L-arginine, NAD phosphate, S-nitrosylation, and phosphorylation. 45 It is hypothesized that abnormal eNOS phosphorylation accounts for endothelial dysfunction observed in cardiovascular disease, including hypertension, hyperlipidemia, and diabetes. It has been shown that stable Ac-tub is needed for basal eNOS phosphorylation and its subcellular organization for optimal phosphorylation. 44 Another example is inflammation. Inflammatory signaling has also been shown to be influenced by the control of microtubule acetylation ( Figure 2B ). 38 Excessive inflammation can be attributed to many disease phenotypes; however, the role of Ac-tub has been controversial in both attenuating and accelerating inflammation itself, questioning its clinical implications. Excessive NLRP3 activation can cause inflammatory diseases, where microtubules mediate the assembly of the inflammasome. 38 Inducers of NLRP3 cause mitochondria dysfunction, reduced NAD+ concentration, and inactivated SIRT2, which eventually leads to increased acetylation. 46, 47 This elevation of microtubule acetylation increases dynein trafficking and the formation and activation of NLRP3. 38 Conversely, in macrophages, lipopolysaccharide-challenged cells undergo extensive remodeling of microtubule acetylation.
Suppression of lipopolysaccharide-induced acetylation changes by MEC17 inactivation inhibits interleukin-10 (IL-10) induction, the anti-inflammatory cytokine. 48 Increasing acetylation by HDAC6 inhibition leads to IL-10 stimulation along with blocking p38 amplification, thus attenuating inflammation. 49 
Microtubule acetylation in neurodegenerative diseases
The importance of intracellular transport and its control by microtubule regulation has been most thoroughly studied in neuronal models. The relationship between microtubule modifications and the impact on disease phenotypes is therefore best understood with neurological diseases. In this section, the impact of microtubule acetylation on various neurological diseases and the prospect of therapeutic interventions targeting this pathway are discussed. Highlights of where research stands are outlined in Table 1 .
Alzheimer's disease
AD is characterized by the presence of amyloid plaques in the brain, which mainly consist of Aβ peptide and neurofibrillary tangles. 50, 51 Both lead to synaptic and neuronal loss in distinct brain areas, including the neocortex and hippocampus. 52, 53 AD pathology is still being investigated, but atypical axonal accumulations of the amyloid precursor protein and its fragments, including Aβ, have been consistently found postmortem in AD patients. 54 Aβ peptide upregulation consequently alters cytoskeletal features, including decreased Actub, mitochondrial function, and F-actin polymerization. 55, 56 
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Inhibition of HDAC6 increases motility lost by the presence of Aβ. 57 This functionally rescues hippocampal neurons from further Aβ deterioration. 57 Also involved are neurofibrillary tangles of tau. 58 The microtubule-associated protein tau is both phosphorylated and acetylated, adding to AD and taupathies complexity. In moderate to late AD, there is an excess of acetylated tau protein, but it is disputed whether this is a cause of disease progression or a consequence of tangle formations. Hempen and Brion 58 have shown that these tangles inversely correlate with the extent of Ac-tub present in AD. However, Cohen et al 59 report that tau acetylation promotes aggregation. Therefore, hyperacetylation is predicted to enhance tau pathologies; however, the converse is true. Treatment with HDAC6 inhibitors prevents tau aggregation and alters tau-isoform expression and subsequent phosphorylation. 60 Specifically, it has been shown that KXGS motifs that are responsible for tau's ability to polymerize are phosphorylated. 60 HDAC6 inhibition results in tau acetylation and modulates tau phosphorylation and degradation in oligodendrocytes, leading to the hypothesis that HDAC6 inhibition would be beneficial in the treatment of AD. 61 Recently, in a Drosophila model of taupathy, loss of HDAC6 activity rescues tau-induced microtubule defects in both muscles and neurons by increasing microtubule acetylation. 62 This is the first piece of evidence that shows that HDAC6 inhibition is protective in taupathies and AD. These data also support the findings that HDAC6 knockout alleviates cognitive impairment in an AD model but does not affect its plaque burden, suggesting neuroprotection through tau. 63 These data support that microtubule stability and HDAC6 inhibition can be beneficial for AD treatment. Microtubule stability through microtubule-stabilizing drugs such as paclitaxel has shown a significant increase in microtubule acetylation; therefore, these are an attractive first-generation drug class in treating AD. 64 In vitro, stabilizers have been proven to be neuroprotective against tau and Aβ neurotoxicities. 65, 66 Consistent with these facts, paclitaxel in vivo in T44 tau transgenic (T44) mice that were affected with spinal cord tau pathology is shown to increase microtubule density and functionality in motor neurons. 67 However, penetrating the blood-brain barrier has been a challenge in central nervous system therapy, making this drug unsuitable for future AD therapies. Epothilone D, which is a brain-penetrating microtubule-stabilizing agent, has been shown to prevent and ameliorate taupathies in T44 mice at low doses. 68, 69 However, stabilizing drugs have been shown to have significant debilitating side effects, including neutropenia and peripheral neuropathy. 70, 71 To avoid these side effects, more specific microtubule acetylation drugs have been tested recently. Valproic acid (VPA), a common antiepileptic agent and weak HDAC6 inhibitor, mediates some neuroprotection in AD models. 72 VPA decreases Aβ production by inhibiting GSK3Β cleavage of amyloid precursor protein. 73 Functionally, this improves memory deficits in transgenic AD mice models and decreases neuritic plaque formations. 73 Also, AD mice have shown neuroprotection with 4-phenylbutyrate, another weak HDAC6 inhibitor; spatial learning defects and memory deficits are reversed without altering beta-amyloid burdens. Mechanistically, phosphorylated tau is decreased after 4-phenylbutyrate treatment through inactivation of GSK3B. 74 Specific inhibition of HDAC6 through tubastatin A and ACY-1215 has been used in preclinical trials, and results are promising. 75 These results include the rescue of cognitive defects in AD mice, along with alleviating behavioral deficits, altering Aβ load, and reducing hyperphosphorylated tau. 75 Parkinson's disease PD is characterized with loss of dopaminergic neurons in the midbrain region that controls motor function. Disease presentation includes the formation of Lewy bodies, which are insoluble ubiquitin-tagged aggregations of alpha-synuclein. 76 The mechanism underlying disease pathology is unknown, but an emerging theory is that disease etiology includes disorganization of microtubules and dysfunctional regulation. Microtubules and alpha-synuclein have been reported to interact, leading to a theory that the interaction between Actub and oligomeric alpha-synuclein may be increased through the inhibition of HDAC6 or SIRT2, leading to increased Lewy bodies. 77, 78 Outside of the realm of this review, HDAC6 inhibition in PD has been explored, but in the context of autophagy. In order for autophagy to occur, HDAC6, p62, and ubiquitin need to be bound together.
79 HDAC6 inhibition also inherently enhances intracellular transport in neurons, aiding in the autophagy and lysosomal process (see Yan 80 for a full review).
Unlike the rest of the neurodegenerative disorders, the therapeutic potential of SIRT2 has been explored more than HDAC6. In Drosophila, SIRT2 inhibition has been shown to reverse alpha-synuclein-induced neuronal toxicity and prevent cell death, a key observation in halting PD. 81 Even though the mechanism is only hypothesized, it is suggested that SIRT2 inhibition increases intracellular movement of alpha-synuclein so that it accumulates in fewer areas, allowing for neuroprotection. It has also been shown recently that 
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Microtubule acetylation in disease SIRT2 also deacetylates FOXO3a, which ultimately aids apoptosis through the upregulation of Bim. 82 This suggests that therapeutic treatment can be achieved by SIRT2 activity outside of modulating microtubules.
Huntington's disease
Huntington's disease is another neurodegenerative disease marked by cognitive and motor deficits caused by abnormal polyglutamine expansion in the N-terminus of the huntingtin protein. As a consequence, transport and export of brain-derived neurotrophic factor (BDNF) become impaired, resulting in neuronal cell death. 5 Dompierre et al 5 show specifically that the intracellular transport process is microtubule dependent, and correct it using TSA to increase acetylation and to recruit both kinesin-1 and dynein to microtubules to reinstate bidirectional transport and release of BDNF vesicles. These findings support HDAC6-targeted therapies in Huntington's disease; however, in vivo, genetic HDAC6 inhibition does not improve disease pathophysiology in an R6/2 mouse model of Huntington's disease. 83 Since then, SIRT2 has been investigated as a potential therapeutic target. Promising results have been shown for SIRT2 inhibition in neuroprotection in both cellular and invertebrate models. 84, 85 Neuroprotection is achieved in primary neuronal Huntington's disease models, where SIRT2 inhibition leads to transcriptional repression of cholesterol biosynthesis. 84 However, constitutive genetic SIRT2 inhibition in Huntington's disease transgenic mice is neither neuroprotective nor effective against polyglutamine aggregation.
86 Also, no transcriptional change in cholesterol biosynthesis in R6/2 mice is observed. 86 Recently, SIRT2 inhibitor AK-7 has been developed. 87 This drug is permeable to the blood-brain barrier and has been shown to be neuroprotective in vitro by reducing cholesterol levels in neurons along with polyglutamine inclusions. R6/2 mouse models using chronic treatment of AK-7 support these findings with reduction of huntingtin aggregates in Huntington's disease mice brains. 87 Improved motor function, increased survival, and reduced brain atrophy are seen as a consequence of chronic pharmacological SIRT2 inhibition in an R6/2 140CAG Htt knockin mouse model, resulting in AK-7 as a promising therapy that will go further in preclinical evaluation. 87 Charcot-Marie-Tooth disease CMT disease is a hereditary motor and sensor neuropathy that may be due to demyelinating sheaths to reduce nerve conduction velocities or decrease conduction amplitudes. 88 Regardless, CMT disease patients exhibit muscle weakness and muscle mass. 88 At a cellular level, CMT disease patients express mutant motor protein dynamin 2, which leads to unstable microtubules, altered Golgi apparatus structures, and decreased organelle transport. 89 Mice expressing mutant heat shock p27 kDa protein beta-1 (HSPB1) exhibit phenotypes that mimic those of CMT disease patients, allowing for mechanistic evaluation. 90 The decrease in Ac-tub in peripheral nerves in mutant HSPB1 mice offers an explanation for this decrease in organelle transport. 90 The cause of decreased Ac-tub expression is unknown; however, it can be reestablished using HDAC6 inhibitors. Treatment of tubastatin A for mutant HSPB1 mice restores behavior, including improved steppage gait, less clawed hindpaws, and increased muscle mass, while halting and reversing other peripheral neuropathies. 90 Further preclinical studies must be performed before these agents can be moved into clinical trials.
Rett syndrome
Rett syndrome is characterized by the reversal of neural development; movement, coordination, and communication are often difficult in patients, and the symptoms are often confused with autism. Primarily in girls, the postnatal neurodegenerative disease is caused by X-linked genetic mutations in the methyl-CpG-binding protein 2 (MECP2). 91 Cells deficient in MECP2 and primary cells from Rett syndrome patients display an increase in HDAC6 expression, and thus increased microtubule instability and decreased Ac-tub result. 92 No changes in SIRT2 expression levels are detected. 92 Functional consequences include dysfunctional trafficking (both anterograde and retrograde) in MECP2 knockout neurons. 91 Treatment with tubastatin A on primary patient cells restores microtubule acetylation and associated intracellular transport, specifically releasing BDNF. 92 HDAC6 inhibitors have also shown neuroprotective effects in the MECP2-knockout mouse model. 91 
Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis (ALS) is a late-onset neurodegenerative disorder that is characterized by progressive muscle atrophy and paralysis due to death of upper and lower motoneurons. In these motoneurons and glial cells, protein inclusions have been detected as part of the diagnosis. 93, 94 Ninety percent of ALS is sporadic, while 10% is genetic. 95 Of the familial cases, mutations are prominently located in the Cu/Zn superoxide dismutase 1 (SOD1), which is a gain of unknown toxic function. 96 Mouse models that express mutated human SOD1 have the same pathological course as patients where it is hypothesized that glutamate excitotocity, oxidative stress, protein misfolding, mitochondrial defects, impaired axonal transport, and inflammation contribute to pathophysiology. 95, 97, 98 In these models, glial cells have been 
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Rymut and Kelley identified as a potential target since they greatly contribute to motoneuron degeneration. 99 Early research has indicated that TSA, a pan-HDAC inhibitor, is beneficial in ameliorating pathological characteristics and improving motor behaviors and longevity. 100 However, it is unclear whether improvements in ALS are specifically due to HDAC6 activity or another HDAC. Taes et al 101 have shown that disease progression is delayed in HDAC6-knockout mice that have SOD1 G93A mutation. Results show that survival increases and motor axon integrity decreases in these mice. However, Gal et al 102 show increased mutant SOD1 aggregation in HDAC6 knockout cells. Bruneteau et al 103 show that HDAC4 is upregulated at a messenger ribonucleic acid level in subjects with rapidly progressive ALS compared with long-surviving ALS subjects, furthering the microtubule acetylation controversy in ALS.
Other conditions where microtubule acetylation is important Cystic fibrosis
CF is a pediatric pulmonary disorder that is caused by mutations in the CF transmembrane conductance regulator (CFTR). CFTR is a cAMP-activated chloride channel that is most highly expressed in the apical membrane of epithelial cells. 104 The disease is characterized by impaired transepithelial chloride transport, hyperabsorption of sodium across airway epithelium, chronic bacterial infection of the airways, heightened inflammatory responses, and metabolic changes. 16, 105, 106 How CFTR function impacts such a wide range of cellular events is unclear. Recently, microtubules have been gaining attention in the field due to multiple MAPs and motor proteins associated with a more severe airway disease prognosis from both genome-wide association studies and exome studies. 107, 108 Microtubule regulation has been further implicated in CF. It has been demonstrated that there is a significant decrease in Ac-tub expression in epithelial cells and tissue. 16 This decrease can be directly correlated with a decrease in previously noted dysfunctional intracellular transport marked by late endosomal/lysosomal cholesterol accumulation.
109 HDAC6 inhibitors can improve endosomal transport, resulting in normal cholesterol distribution and a decrease in CF-related NF-κB activation. 16 With much promise in vitro, research extending HDAC6 inhibition into CF mice models will be interesting in order to analyze its implications on multiple disease phenotypes.
Cancer
HDAC inhibitors are effective in many types of cancer, including Hodgkin lymphoma, T-cell lymphoma, and acute myeloid lymphomas. Currently, there are over 400 clinical trials using HDAC inhibitors in the treatment of cancer. Here, we will highlight the use of HDAC6 inhibitors in the treatment of acute myeloid leukemia (AML) and ovarian cancers.
In AML patients who do not qualify for traditional chemotherapy, HDAC6 inhibitors are currently being evaluated. VPA has been investigated in several AML studies, typically in conjunction with all-trans retinoic acid, especially in elderly patients or those who have relapsed.
14 Overall, the toxicity levels of VPA are low, patients have complete hematological remission extending for several months, and over 30% of patients have increased peripheral blood platelet counts that last for up to 2 years. 14, 110 HDAC6 inhibitors have also been effective against ovarian cancer in vitro and in vivo. In previous studies, HDAC6 activity is established as a requirement for efficient oncogenic transformation in the ovarian cell line SKVO3 and breast cancer cell lines MCF7 and SKBR3. 111 Without HDAC6 expression, fibroblasts are more resistant to both Ras-and ErbB2-dependent transformations. 111 Mechanistically, transformation resistance is due to increased anoikis and alterations in the AKT pathway through loss of adhesion. 111 More recently, tubastatin A has been suggested to increase cell elasticity without altering cytoskeletal components. 112 The efficacy of HDAC6 inhibitors as an important component of combination therapies will continue to be evaluated further.
Influenza A
Most of the diseases we have focused on here have been either genetic or idiopathic. Lately, interest in HDAC6 in viral infection has been gaining attention. Specifically, influenza A infections are of interest because of HDAC6's involvement in actin remodeling at the plasma membrane, which is the site of influenza A virus (IAV) assembly. 113 Husain and Cheung 113 and Husain and Harrod 114 have demonstrated that IAV induces Ac-tub expression through increased Rho expression and signaling. This increase in acetylation induces the release of virions from infected cells. 113, 114 The contrary is true as well; when HDAC6 is overexpressed, there is a threefold decrease in releasing IAV progeny. 113 Banerjee et al 115 have shown mechanistically that outside of controlling the extent of acetylation, IAV infections hijack cellular machinery by mimicking misfolded protein aggregates by carrying unanchored ubiquitin chains and using the HDAC6 pathway to uncoat the virus, allowing for dissociation and viral ribonucleoproteins and matrix proteins to be dispersed in the cytosol 
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Microtubule acetylation in disease in order to enter the nucleus. Even though much promise for HDAC6 inhibition is demonstrated in potential treatments for neurodegeneration, the effect of HDAC6 inhibition on infectious disease progression needs to be considered.
Gene therapy
Nonviral gene therapy has been a promising treatment strategy for genetic diseases. Many different strategies have been used for gene transfer with success, but efficiency is low and remains a key obstacle in bench to bedside therapeutics. Recently, mechanisms and strategies have focused on the subject of crossing the cytoplasm and evading degradation, and researchers have turned to microtubule manipulation just like that of IAV. Besides adding common transcription factors binding sites and nuclear localization sequences to plasmid gene therapy to aid delivery, hyperacetylation has been identified to increase plasmid movement using the cytoskeletal machinery in cells through greater net rates of movement and longer, continuous movement ( Figure 2E ). 116 These results suggest using HDAC6 inhibition as a combination therapy to partially overcome the cytoplasmic intracellular transport obstacle to nonviral gene therapy.
Summary
Microtubule acetylation impacts many cellular functions, such as the regulation of various cell signaling cascades and the control of intracellular movement through the coordinated functions of the acetyltransferase MEC17 and the deacetylases HDAC6 and SIRT2. Altered regulation of microtubule acetylation has been identified in a number of disease states resulting in impaired organelle transport, loss of cellular proliferation control, and enhanced inflammatory signaling. From a number of neurodegenerative diseases to cancer to CF, the manipulation of microtubule acetylation levels through the use of SIRT2 and HDAC6 inhibitors offers a novel therapeutic target. As more is learnt about microtubules and their implications in the pathophysiology of other diseases, new therapeutic avenues will be opened and will provide new avenues for therapeutic interventions.
